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This paper investigates the thermodynamic driving force of transient negative 
capacitance (NC) in the series circuit of the resistor and ferroelectric capacitor 
(R-FEC). We find that the widely used Landau-Khalatnikov (L-K) theory, that is, the 
minimum of the Gibbs free energy, is inapplicable to explain the transient NC. The 
thermodynamic driving force of the transient NC phenomenon is the minimum of the 
difference between the elastic Gibbs free energy and the electric polarization work. 
The appearance of the transient NC phenomenon is not due to the widely accepted 
view that the ferroelectric polarization goes through the negative curvature region of 
elastic Gibbs free energy landscape (Ga). Instead, the transient NC phenomenon 
appears when the energy barrier of Ga disappears. The transient NC is dependent on 
both the intrinsic ferroelectric material parameters and extrinsic factors in the R-FEC 
circuit.  
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1. Introduction 
Complementary metal-oxide-semiconductor field-effect transistor (MOSFET) 
technology
1
 is the cornerstone of the contemporary information industry. Its ubiquity 
has been realized by the dramatic increase of its processing capacity every unit chip 
area
2
, due to the exponential scaling of the MOSFET devices, well known as Moore’s 
law. However, the supply voltage has not been proportionally reduced, and limited to 
~0.8 V in modern integrated circuits, in order to effectively suppress the power 
consumption. The power consumption has been the bottleneck of scaling down the 
contemporary MOSFET devices
3
. The most effective way to reduce the power 
consumption of an integrated circuit is to reduce the supply voltage
4-6
. However, 
when the supply voltage is lowered, the drive current is sacrificed, which would 
decrease the operating speed of the transistor. The reason is that at least ~60 mV of 
gate voltage is needed to change the drain to source current by an order of magnitude, 
which is known as Boltzmann limit. In order to avoid this problem, it is necessary to 
have the highest possible on-off current ratio ION/IOFF. This can be achieved by 
reducing the subthreshold swing (SS). For a classical MOSFET, the minimum SS is 
60mV/decade at room temperature
7
, because of the Boltzmann distribution of channel 
carriers limit. To overcome this fundamental limit, the negative capacitance (NC) 
FETs
8-21
 have been proposed to amplify the semiconductor surface potential by the 
pioneering work of Salahuddin and Datta in 2008
8
. Moreover, the NC FETs are the 
most promising among the future steep subthreshold devices
22, 23
 since the discovery 
of ferroelectrity in doped hafnium oxide
24-30
.  
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So far there are two kinds of NC experimentally reported: (1) stabilized 
(steady-state) NC
31, 32
, and (2) transient NC
33, 34
. The stabilized NC has been 
experimentally demonstrated in FE-DE (ferroelectric-dielectric) heterostructures and 
superlattices of PZT/STO, BTO/STO, SRO/STO, SRO/GSO, and SRO/DSO by total 
capacitance enhancement
35-37
. Moreover, by forming polarization arrays of clockwise 
and anticlockwise vortex-like structures, the stabilized NC was also observed in 
epitaxial superlattices composed of ferroelectric PbTiO3 and non-ferroelectric 
SrTiO3
38
. On the other hand, several models of steady-state NC have been proposed, 
associated with stabilizing the negative curvature region of ferroelectric double-well 
Gibbs energy landscape by adding the parabolic energy landscape of normal dielectric 
to the double-well landscape of ferroelectric
39
. In addition, domain wall motion has 
been suggested to produce NC in a multidomain system
40-43
. Nevertheless, 
steady-state NC suffers from big disputes and doubts
44-46
. For the case of transient NC, 
it has been experimentally observed in a resistor-ferroelectric capacitor (R-FEC) 
network by applying a voltage pulse
33, 42, 47-49
. The transient NC appears during the 
polarization switching of the ferroelectric material. Its physical origin is widely 
accepted as the mismatch between the free charges on the metal electrode and 
ferroelectric polarization
46, 48, 50, 51
. So far, the understanding of the basic physics for 
transient NC is based on the Landau–Ginzburg–Devonshire (L-G-D) theory and the 
Landau-Khalatnikov (L-K) equation
52-55
. The polarization state in this theory is 
described by double-well Gibbs free energy landscape as a function of the 
polarization P, where there exist two stable polarization states with the minimum 
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energy. When a voltage pulse is applied to the ferroelectric capacitor, the polarization 
state will switch along the direction of Gibbs free energy minimization
55
. It is worth 
noting that this process is only valid under the electric field E=constant across the 
ferroelectric capacitor. However, E is not a constant field but changes with time in 
transient NC
46, 56, 57
, which will be shown in section 2. This means that the 
conventional L-K theory is improper to explain the transient NC phenomenon. Thus, 
it is necessary to reconsider the physical origin and find the thermodynamic driving 
force for the transient NC phenomenon. Moreover, the modern explanation of 
transient NC lacks a detailed physical picture, and a thorough understanding of the 
underlying physics is still absent. The above issues need urgent understanding 
because it limits NC progress and is critical for guiding the design of device structure 
such as ferroelectric parameters. 
In this work, we revisit the thermodynamic driving force of the transient NC 
phenomenon in the R-FEC circuit. We find that the thermodynamic driving force is 
the minimization of a new thermodynamic function η instead of Gibbs free energy G, 
where η is equal to the difference between the elastic Gibbs free energy and the 
electric polarization work. This means that the polarization switches along the 
direction of η minimization. Moreover, this viewpoint is further supported by the 
analysis based on experimental P-E curves. In addition, we also find that the 
appearance of the transient NC phenomenon is not due to the widely accepted 
viewpoint that the ferroelectric polarization goes through the negative curvature 
region of elastic Gibbs free energy landscape (Ga). Instead, the NC phenomenon 
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appears when the energy barrier of Ga disappears. Moreover, the transient NC is 
dependent on both the intrinsic ferroelectric material parameters and extrinsic factors 
in the R-FEC circuit. 
 
2. Limits of Landau-Khalatnikov (L-K) equation in explaining the transient NC 
 
Generally, transient NC is explained by the L-K equation. The L-K equation, 
describes a thermodynamics process, where the FE polarization obeys the Gibbs free 
energy minimization, can be expressed as 
 
d
d
P G
t P
                                                      (1)
 
where ρ is the viscosity coefficient which means the delay of polarization P with 
respect to the electric field. G is Gibbs free energy, which can be expanded in terms of  
P based on L-G-D theory, expressed as
58
 
2 4 6
a=G P P P PE G PE                                      (2) 
where α, β, and γ are the thermodynamic expansion coefficients, E is the electric field 
across the FE capacitor, and Ga is elastic Gibbs free energy. In L-K equation, the term 
dG/dP can be regarded as driving force F which causes polarization switching toward 
the local minimum of the free energy. The traditional expression of F is 
3 5 a2 =
d
6
d
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The above theory is widely used to explain the transient NC
42, 47
, and successfully in 
line with the experimental results
42, 47
. It should be noted that the key of the L-K 
equation in explaining the transient NC is the minimization of the Gibbs free energy 
G. However, there is a precondition of using the G minimization, that is, isoelectric 
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field, which has been ignored during the previous application of the L-K equation in 
understanding the transient NC. Here we show why the isoelectric field is the 
precondition. According to the first and second laws of thermodynamics, we have 
TdS≥dU-dW, where T, S, and U are the temperature, the entropy, and the total internal 
energy of the system, respectively, and W is the external work. In FE materials, the 
total differential of external work can be expressed as dW=Xdx+EdD, where Xdx and 
EdD are mechanic work and electric work, respectively. x is the elastic strain, X is the 
stress and D is the electric displacement field. Thus, the total differential of internal 
energy can be given as dU≤TdS+Xdx+EdP+d(1/2ε0E
2
). Changing the order of the last 
equation, it can be rewritten as 
2
0
1
d( ) d d d 0
2
U E T S X x E P .                                    (4)
 
In the process of isothermal (dT=0) and without any stress (dX=0), Equation (4) is 
further written as  
2
0
1
d( ) d d d d d 0
2
U E T S S T X x x X E P
 
or 
2
0
1
d( ) d 0
2
U TS Xx E E P .                                      (5) 
We consider the case of assuming E = constant. Correspondingly, PdE=0. Adding this 
item to the left side of the Equation (5) obtains 
2
0
1
d( ) 0
2
U TS Xx EP E .                                       (6)
 
Here, the items (U-TS-Xx-EP-1/2ε0E
2
) in brackets is Gibbs free energy G. Then, 
Equation (6) becomes 
d 0G .                                                           (7) 
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This indicates that the Gibbs free energy no longer increases at constant electric fields. 
Thus, the polarization switching along the direction of Gibbs free energy 
minimization is only applicable when keeping the electric field across FE constant. 
The next question is whether the transient NC process meets the isoelectric field 
condition. From the reported experimental P-E curves of transient NC measured on 
positive rectangular voltage pulse in the R-FEC circuit
42, 47
, as shown in Figures 2(a) 
and 2(b), we can find that the electric field across the ferroelectric is changed with 
polarization during the transient NC process, rather than a constant. Moreover,  
based on these experimental results, we calculate the corresponding Gibbs free energy 
landscape G as a function of polarization P, as shown in Figures 2 (c) and 2(d). It 
shows that as P increases, G first increases and then decreases. This indicates that the 
system will settle P in such a way that does not minimize the G. Consequently, the 
L-K theory, that is, G minimization is not applicable in explaining the transient NC. It 
is necessary to reconsider the thermodynamic process of FE polarization during 
transient NC. 
 
3. Thermodynamic driving force of transient NC 
 
The thermodynamics driving force of transient NC is investigated. Based on the 
above discussion, we consider the case of E ≠ constant. We come back to Equation 
(5), which is still applicable for the case E ≠ constant. According to Equation (5), 
elastic Gibbs free energy Ga is given by
59, 60
 
  
8 
 
2
a 0
2 4 6
1
2
G U TS Xx E
P P P                                             
(8)
 
Then, Equation (5) can be rewritten as dGa-EdP≤0. Here we define a new thermal 
potential η that satisfies 
ad d d 0PG E .                                                 (9) 
This means that the essence of transient NC follows the minimization of the new 
thermal potential η. Taking an integration of the above equation yields 
a
a0 00
'd d d 0
G
G
P
P
G E P
 
or 
0
0a a0d ( )
P
P
EG GP
                                          
(10) 
where η0 and Ga0 express η and Ga at the initial state, respectively. Equation (10) 
indicates that the new thermal potential η is equal to the difference between the elastic 
Gibbs free energy and electric polarization work. Thus the ferroelectric polarization 
changes toward the direction where the thermal potential η decreases, and this can be 
equally expressed by 
d
d
P
t P
.
                                                      
(11)
 
Taking Equation (10) into Equation (11) gets 
add
d d
P
E
t P P
G
.
                                             
(12) 
Combining with Equation (1), we find an interesting result, that is, the expression of 
∂η/∂P and ∂G/∂P is the same. However, thermal potential η and G are essentially 
different because they have completely different physical meanings. Based on the 
experimental P-E curves [see Fig.2(a) and (b)], we calculate the thermal potential η，
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as shown in Figures 2(c) and (d). It shows that the η exhibits a monotonous decreasing 
trend. Thus the system will settle P in such a way that minimizes η instead of G, that 
is, the thermodynamic driving force of transient NC is the minimization of the η 
instead of G.  
From Equations (1) and (12), the partial derivative of the Gibbs free energy G with 
respect to P for a given VFE (or E) is equal to the derivative of η with respect to the P, 
that is, dη/dP = ∂G/∂P|E=constant. This indicates that at a given state (knowing P and E 
or VFE), the polarization switching direction can be judged by the way of minimizing 
G. This means that we could use the Gibbs free energy landscape at a given E to 
predict the polarization switching direction of the ferroelectric. 
 
4. Transient behavior of NC 
 
The dynamic process of polarization switching in the R-FEC circuit is further 
investigated by using numerical simulations. Figure 3 shows the simulated FE voltage 
response of the R-FEC circuit under an applied voltage pulse (-3 V→3 V), based on 
the Equation (12). The simulation parameters
25
 are listed in Table 1. In Figure 3, the 
states 1 and 18 represent the initial and final stable states, and the states 2~17 express 
the unstable states. Along the transient polarization states 1→2→3→...→16→17→18, 
the ferroelectric voltage VFE and ferroelectric polarization P change with time, where 
the polarization continues to increase, while the ferroelectric voltage increases 
initially, then decreases, and finally increases again. It can be seen that the NC region 
appears from state 7 to 12, where dE/dP<0.  
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  In order to understand the fundamental physics of the transient NC, we further 
calculate the Gibbs free energy G landscape as a function of P at different FE voltages, 
as shown in Figure 4. The G curve is dependent on the electric field across the 
ferroelectric, and changes as the ferroelectric state changes. Here we define the 
polarization corresponding to the localized minimum of G as Pmin, which are shown as 
the black square dots in Figure 4. For the process of states 1→2→3→4→5 (VFE: 
-3→-1.56→-1→0→+1 V), the transient FE polarization state at each ferroelectric 
voltage is always located on the left side of Pmin. Thus the polarization at these states 
increases. For the state 6 (VFE = +1.75 V), there are two zero derivative points in the 
corresponding G curve. One zero derivative point corresponding to negative 
polarization is not an extreme point (here denoted as Pnonmin), which means that the 
energy barrier disappears. At this state, the polarization is localized on the left side of 
the Pnonmin, and consequently, the polarization still increases. For the state 7 (VFE = 
+1.79 V), there is only one zero derivative points, i.e., Pmin, localized at the positive 
polarization region in the corresponding G curve, as shown in Figure 4. Moreover, 
there is no energy barrier, and the polarization increases toward Pmin. For the state 8, 
the G curve is the same as that of case 6. However, the polarization state has been 
localized on the right side of the Pnonmin. Thus, for the process of states 6→7→8 (VFE: 
+1.75→+1.79→+1.75 V), the G curve corresponding to each state shows a 
monotonous decreasing trend and has only one minimum point, which is localized in 
the positive polarization region (~0.17 C/cm
2
). These results indicate that the 
polarization continues to increase. For the process states 9→10→11→12 (VFE: 
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+1→0→-1→-1.56 V), the G curve has the double-well energy landscape, i.e., the 
energy barrier has appeared. However, the transient polarization state has been always 
on the right side of the maximum point of the G curve at the corresponding 
ferroelectric voltage. This means that the transient polarization state has rolled over 
the energy barrier of the G curve, and the polarization increases toward the right Pmin. 
This leads to an interesting phenomenon that the polarization for states 7~12 further 
increases as the voltage decreases, which indicates that the NC phenomenon appears 
in this process. The process of states 13~18 is similar to states 1~5, that is, the 
transient polarization state at each ferroelectric voltage is always located on the left 
side of Pmin, and the polarization increases with the increase of ferroelectric voltage.  
  The black line in Figure 4 gives the Gibbs free energy during the whole transient 
NC process. It can be seen that the G is not always decreasing, but changes like an ‘M’ 
shape. Above dynamic process reveals that the trend of transient polarization obeys 
the Gibbs free energy minimization rule under a fixed voltage. However, the whole 
dynamic process of polarization switching from states 1~18 doesn't satisfy the Gibbs 
free energy minimization because the voltage is a variable and changed during the 
transient NC process.  
Actually, above dynamic process follows the η minimization rule. Figure 5 shows 
the G and η during the transient NC process. The G initially increases, then decreases, 
then increases, and finally decreases. Thus the G does not always decrease, as 
expected by the L-K theory. On the other hand, the η always decreases. This further 
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confirms our opinion, that is, the thermodynamic driving force of transient NC is 
indeed the minimization of η rather than G. 
 
5. Physical origin of transient NC appearance  
 
We discuss the fundamental physics of transient NC. Figure 6(a) shows the ideal P-E 
curve obtained by differentiating Ga with respect to P. The ideal P-E curve is also well 
known as the ‘S’ shape curve. Also shown in Figure 6(a) is the real P-E curve of 
transient NC. For each P, the ∂Ga/∂P is equal to E of the ideal P-E curve (here 
denoted as E0). From Equation (12), we can get that the dP/dt is proportional to the Er
－E0, where Er represents the E of transient NC (ideal P-E curve). Moreover, the Er－
E0 is equal to －∂G/∂P, which reflect the negative slope of the G vs. P curve. The 
corresponding Er－E0 profile as a function of P (difference between the black and red 
lines for each P) is given in Fig6(b).  
  Here we divide the real P-E curve into five regions, as shown in Figure 6(a). When 
E=E1, the energy barrier of the corresponding G curve just disappeared, as shown in 
Figure 6(c). For region Ⅰ, the G landscape is schematically shown in Figure 6(d). 
There is only one extreme point, here minimum, and denoted as Pmin. There is no 
energy barrier, i.e., local maximum. The real P is always localized on the left side of 
the Pmin. Moreover, the change rate of P (dP/dt) corresponds to the slope of the G 
curve, based on Equation (12). And the dP/dt is less than the (dQ/dt), here the Q is the 
free charges on the metal plate. Thus the dVFE/dt is positive, and the VFE increases. For 
region Ⅱ, the G landscape is schematically shown in Figure 6(e). There are three 
extreme points, i.e., two local minimum points (Pmin, L and Pmin, R) and one local 
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maximum point (Pmax). The barrier appears. The real P is always localized on the left 
side of the Pmin, L. Moreover, the dP/dt is less than the (dQ/dt). Thus the dVFE/dt is 
positive, and the VFE increases. For region Ⅲ (state a→b→c), the G landscape is 
schematically shown in Figure 6(f) . There is only one extreme point (Pmin). The 
barrier disappears. The real P increases toward the Pmin. From state a to b [see Figure 
6(a)], there is no NC phenomenon. From the state b to c, the NC phenomenon appears. 
The dP/dt is increasing and becomes larger than dQ/dt from state b. This is attributed 
to that the slope of G curve becomes steep from state b to c [see Figure 6(b)]. An 
interesting phenomenon is that the dP/dt before the NC appearance (e.g., a→b) is 
larger than that of state b. This means that the NC is not only dependent on the dP/dt. 
For region Ⅳ (state c→d→e), the G landscape is schematically shown in Figure 6(g). 
There are three extreme points, i.e., two local minimum points (Pmin, L and Pmin, R) and 
one local maximum point (Pmax). The barrier appears. However, the polarization P has 
rolled over the barrier and quickly increases toward the right Pmin, R. The slope of the 
G curve in this region is large, especially for the region of state c to d. In other words, 
the distance between the black real P-E line and the red ideal P-E line is large. This 
results in larger dP/dt than the (dQ/dt), and consequently NC phenomenon. From the 
state d, the G curve begins to flatten. The dQ/dt catches up with the dP/dt again, 
leading to that the NC phenomenon disappears. For region Ⅴ (state e→f→g), the G 
landscape is schematically shown in Figure 6(h). There is only one extreme point, 
similar to region Ⅲ [see Figure 6(f)]. The G curve in this region keeps flat and there 
is still no NC phenomenon. From the above discussion, it can be concluded that the 
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NC appears when the barrier disappears (region b→c) or the polarization state has 
rolled over the barrier (region c→d). There is no case that the polarization climbs up 
to the barrier top. In addition, the elastic Gibbs free energy Ga profile is shown in 
Figure 6(i). The polarization states a→b→…→g are also shown. It should be noted 
that the negative curvature region of Ga is different from the real transient NC region, 
indicating that the transient NC cannot be judged by the negative curvature of Ga. 
  Based on Equations. (11) and (12), ∂VFE/∂t, at a given time t0, can be expressed as 
0 00
0
0
FE FE
0
S FE aFE
0
0
3 5
S 0 0 0FE FE
0
0
2 4 6
1
t t t tt t
t t
V d Q P
t t t
V V Gd
E
R P
V P P Pd d
E
R R
                   
(13)
 
where P0 and E0 are the polarization and electric field across the ferroelectric at a 
given time t0, respectively. dFE is the ferroelectric physical thickness. This equation 
suggests that the appearance of NC is not only related to Vs, R, P0 and E0, but also 
related to α, β, γ and ρ. And these four parameters are related to the ferroelectric 
material characteristics (intrinsic), while the Vs and R are related to the extrinsic 
characteristics of the R-FEC circuit. This means that the appearance of NC is not only 
dependent on the ferroelectric material itself but dependent on some extrinsic factors. 
By further adjusting the value of α, β, and γ, it is possible to realize that the change of 
polarization with time is greater than the free charge change with time, leading to the 
appearance of NC. 
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  In addition, we also explore a physical criterion for transient NC. In the R-FEC 
circuit, electrostatic force work of ferroelectric polarization is given as W=∫EdP, and 
then second-order differentiating W with respect to P is d
2
W/dP
2
=dE/dP. Since 
dE/dP<0 is required for the transient NC, W should satisfy d
2
W/dP
2
<0, which means 
that the negative curvature of electrostatic force work is a criterion for transient NC. 
This is obviously different from the traditional criterion that the transient NC region 
appears in the portion of the negative curvature of elastic Gibbs free energy Ga 
(d
2
Ga/dP
2
<0). In order to verify these two criteria, we differentiate Ga (W) with 
respect to P and obtain the 'S' shaped (transient) P-E curves, as shown in Figure 7. It 
is found that the transient polarization states in Figure 7 can be directly mapped on the 
transient P-E curve, but not on the 'S' curve. This indicates that the transient NC can 
indeed be judged by the negative curvature of electrostatic force work instead of 
elastic Gibbs free energy. 
 
4. Conclusion 
 
In conclusion, using the Landau-Ginzburg-Devonshire (L-G-D) theory and the first 
and second laws of thermodynamics, we have detailedly studied the thermodynamic 
process of transient NC in the R-FEC circuit. Our results show that the dynamic 
process of polarization switching for transient NC follows the minimization of the 
new thermodynamic potential η (the difference between the elastic Gibbs free energy 
and the electric polarization work). The conventional view that the Gibbs free energy 
minimization is not applicable. Furthermore, this viewpoint is verified by the analysis 
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based on experimental P-E curves and numerical simulation of the dynamic process 
of polarization switching for transient NC. In addition, the appearance of the transient 
NC phenomenon is not due to the widely accepted view that the ferroelectric 
polarization goes through the negative curvature region of elastic Gibbs free energy 
landscape (Ga). Instead, the transient NC phenomenon appears when the Ga energy 
tbarrier disappears. Moreover, the transient NC is dependent on both the intrinsic 
ferroelectric material parameters and extrinsic factors in the R-FEC circuit. The work 
provides a comprehensive explanation for the dynamic process of transient NC. 
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Figure 1.The schematic of an R-FEC circuit. C denotes the FE capacitor and R 
represents the external resistor. V and Vs are the voltage across the FE and the applied 
voltage, respectively. 
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Figure 2. (a,b) The experimental P-E curves in Refs. 42 and 47. (c,d) The 
corresponding Gibbs free energy and the new thermal potential η profiles as a 
function of polarization P. The shadow regions represent the NC regions. 
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Figure 3. The VFE-P curve of transient NC. Number 1-18 corresponds to different 
transient polarization states. 
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Figure 4. The Gibbs free energy profiles as a function of polarization P at different 
voltages for the ferroelectric capacitor. Black square dots represent the local extreme 
points of the Gibbs free energy at different voltages, respectively. The red cross 
represents the zero derivative point that is not an extreme point. States 1 and 18 are 
stable and states 2-17 are unstable states. States 1-18 are connected with the black line. 
The black line expresses the real G in the transient NC process. 
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Figure 5. The Gibbs free energy profiles and the new thermal potential η profiles as a 
function of polarization P. 
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Figure 6. (a) The schematic diagram of ideal P-E curves and real P-E curves. (b) The 
electric field difference between real P-E curves and ideal P-E curves as a function of 
polarization P. (c) The Gibbs free energy profile at E=E1.The Gibbs free energy 
profile for regions I (d), II (e), III (f), IV (g) and V (h). The region III, IV and V 
correspond to state a→b→c, c→d→e and e→f→g, respectively. (i) The elastic Gibbs 
free energy profile as a function of polarization P. 
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Figure 7.The P-E curves for elastic Gibbs free energy and electrostatic force work. 
Number 1-18 corresponds to transient polarization states in Figure 3. 
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Table 1. Simulation parameters for the R-FEC circuit. 
 
Parameter Quantity Value
25
 
α  -1.05×109 m/F 
β 
Landau expansion 
coefficient 10
7
 m
5
/C
2
F 
γ  6×1011 m9/C4 F 
ρ Viscosity coefficient 500 m sec/F 
dFE Ferroelectric thickness 10 nm 
A Capacitor area 50
2
 μm2 
R External resistance 50 kΩ 
 
